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populations, and indiscriminate destruction of beneficial insects. These un- 
desired side effects warrant a search for an alternative, environmentally fa- 
vorable control agent. Although biological control methods have been known 
for several decades, they did not gain much attention until the development 
of insect resistance to chemical pesticides w as recognized. Among several bi- 
ological control agents, bacterial insect pathogens have been most exten- 
sively studied. Though many bacteria infect and kill insects, Bacillus 
thtningiensis is a commercially proved control agent for agronomieally im- 
portant insect pests. The advantages of using B. thuringiensis are its narrow 
insect specificity, environmentally friendly nature, and low cost of produc- 
tion; another advantage is the low level of resistance development that has 
been detected in insect populations. In recent years, the emphasis has been 
on understanding the mechanism of action of B. thuringicmis 6-endotoxins 
to pave the way for the construction of more potent and broader range sec- 
ond-generation toxins. In this review the molecular mechanism of action of 
B thuringiensis S-endotoxins will be discussed in detail. 



I. Bacillus thuringiensis: The Group of Bacteria 

Bacillus thuringicmis comprises a group of aerobic. Cram-positive, 
spore-forming bacteria closely related to Bacillus ccrctts (7, 2). As a group. B. 
thuringiensis contains 58 recognized flagellar serotypes and several aflagel- 
lar biotypes. The crystalline inclusion (o-endotoxin, or Cry toxin) of B. 
thuringicmis, which is usually produced during sporulation, is toxic against 
economically important insect pests and vectors of human and animal dis- 
eases. These inclusion bodies act as a gut poison to three orders of insects: 
Lepidoptera, Diptera, and Coleoptera (3, 4), as well as to Nematoda (-5). Most 
recent isolates of B. thuringicmis strains have further expanded the toxic ac- 
tive spectrum to include other insect orders, e.g.. Hymenoptera, Homoptera, 
and Mallophaga. as well as Protozoa (6). To date, over 100 crystal genes (cry) 
have been cloned and sequenced from various B. thuringicmis strains. The 
cry genes have also been expressed in other organisms, such as pseudomo- 
nads and eyanobacteria, fin- efficient delivery to target pests and increased 
persistence of crystal proteins in the environment. 

The cry genes are usualh borne on large plasmids (7, <S), although ex- 
ceptions are known in whu h the gene is located on the chromosome (9, 70). 
Bacillus thuringicmis possesses a conjugation system (77-7/) that can rapid- 
ly mobilize these genes tin ..uuhoiit the population. The cri) genes are nor- 
mally expressed during th>- sUti.mary phase (75) and may account for 
30-35% of tin* dry weight <>f the xpi.miated culture. Additional studies, how- 
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ever, have reveak-d the expression of some cry genes in earlv growth Ro- 
tative) phase { 16, 1. ). [For a detailed review- on expression and regulation of 
cry genes, see Agasse and Lcroclus (J,S).) Several studies have considered the 
mechanism or mode of action. The present review considers the latest report, 
on receptor binding and ion-channel aet.vi.y and critically ev aluates the va- 
lidity ol the existing models. 



II. Insecticide! Activity and Target Specificity 

cfissih^h r ,rU ' a, ; iUVllik,K ;> & W" 1 » nomenclature system and 
classified the C,y protcms uito four major classes based on Hum, host ranae 
and primary struct,,,,. The. lour classes of toxins are lepidopteran specific 
j Col^epidopu-ran and dipleran specific- (CvII,, co.eopteran spocifi l (C, Z 

ncnt^le n TT v' K (C ° ^ T,U ' ^ 1 >1- 5-es encode a 130-kDa 
<ptide ,n which uVV.ermmal region (60-65 kDa) represents tlu- active 

subclasses (crylA. rrylB. rrylC, n ylF., cry,!' etc.) based on amino ac,d Ik 
mologv and U,e,r degree of activ ity toward lepidopteran insects. Tl.e m,ll- 
type genes produce a protein () f 6S-7 1 kDa and are subdivided in to c J { 
cryllB. and rryllC Though Cayll toxins are c lassified as lepidop ,,1 m 1 
cl-p teran specific, the Cry HB and CrvI.C toxins are active only aga . " 
do, terans. The rryll! genes encode a 73-kDa coleopu-ran-spVcifie pro u , 

3- ',^ n B ' "f" C ' ilncl "V" O types, which produce 135, I2S- 71- 
i'r," *Da Protems, respectively. The nomenclature olYn, gen,s has been 
UMsed (see http: wxv.v.sus.x.ac.uk users bslnfi bt index.html on tlu- Inle rZ 
for more information). The roman numerals have been replaced b 
numerals to accommodate more new genes (now over 120 ,1-eI s n "m 
J- groups) and using amino acid homology as the- basis of organization "u,^ 
than msecfcKlal activity, because of tlu. many inconsistencies tha occ , 
« en genes have nearly identical amino acid sequences but < f uite S 
ac tiv .ties. Tins new nomenclature- will be used hereaf ter in this review 

Ammo acid sequence alignment of several Cry toxins has identified five 
ng ly cc.nsen-ecl blocks of amino acids uith a central hv pen ana 1, 
(-/ ;. It had been speculated that these v ariable regions might be involved in 
msec, S pec,f,city. and this was confirmed when t.J Bo,n,l .J^ 
Co Aa t»xin was completely transferred to nontoxic Cry! Ac, by exclumg 
mg a hypervanable region between amino ac id residues 33* and 4 50 S 
Th. S e.xpenment suggests that the B. nuv i specificity of CrvlAa loxin ^ 
cated vvnthin res.dues 332-450. A later study also" revealed that ,, 



BNSDOCID: <XP 926040A l_> 



4 FRANCIS RAJ A MOHAN ET Al.. 

335-450 on Cry 1 Ac are important for the activity of Trichoplusin ni (29). 
However a larger fragment (335-615) of CiylAc toxin is essential for the 
full activity against Hcliotltis vircsccns (29). These results suggest that the tux- 
icity-detenriining regions are not restricted to lnpervariable regions alone 
and might differ according to the type of insect receptor interacting with the 
toxin. 



III. Structural Architecture of 8-Endotoxins 

In 1991 Li et al {30) reported the crystal structure of a coleopteran- 
active 5-endotoxin, CryoA, from B. thuringicmis subsp. tcnchrionis, at a 
resolution of 2.5 A. The structure indicates a protein composed of three struc- 
turally distinct domains. Domain 1 consists of seven a-helix bundles encom- 
passing the X-tcrminal residues 63-290. Helix 5 is located at the center of 
domain I and is surrounded by six outer helices of varying sizes. Domain II 
includes residues 291-500 and is composed of three antiparallel P-sheets 
connected to each other with surface-exposed loops. Domain III (residues 
501-644) is a sandwich of antiparallel P-sheets in a "jell) -roll" configuration. 
A second crystal structure, CrylAa (lepidopteran active), was resolved by 
Grochulski ct al (31) at 2.25 A. Though these two toxins (Fig. 1) share only 
25% amino acid sequence identity, these two structures display a similar 
three-domain topology. The major difference between CryoA and CrylAa 
molecules lies in domain II. The loops connecting the domain II p-sheets in 
the Cry 1 Aa molecule are comparatively much larger than those of Cry3A. In 
both toxins three salt bridges are observed at the interface between domain 
I and domain II. 

The crystal structures of Cry3A and Cry 1 Aa implv that the five conserved 
amino acid blocks are located at the centers of domains or at the interfaces 
between domains. It is therefore expected that the Cry proteins, which pos- 
sess the five conserved blocks (Cry], Cry3, Cry4, Cry 7, CiyS, Cry 9= Cry 10, 
Cry 16, Cry 17, and Cry 19), would have a similar structural topology The 
functions of each domain widi respect to insect toxicity have been the sub- 
ject of speculation. In general, domain I has been assumed to be involv ed in 
membrane partitioning and ion-channel regulation. Domain II has been rec- 
ognized to have structure similar to that of immunoglobulins and is proposed 
to be involved in insect specificity and in recognition of receptor molecules 
located in target insect midgut epithelial cells. The function of domain III 
remains obscure even after the elucidation of its structure. It is now believed 
to be invoked in ion-channel formation, receptor binding, and insect speci- 
ficity. Detailed experimental evidence of each proposed domain-function re- 
lationship of Cry toxins is explained in die following sections. 
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IV. Molecular Mode of Action of the 8-Endotoxins 

Though the detailed mechanism of action of the ^-endotoxin is not com- 
pletely understood, a significant amount of information has been obtained in 
recent years. However, it should be emphasized that most of the information 
was obtained b om studies of lepidopteran insects because of their large size 
and easy maintenance under laboratory conditions. In general, the mecha- 
nism of action of the B. thuringiensis Cry proteins consists of three major 
steps: (1) solubilization and activation of the crystal in the insect midgut, (2) 
binding of the activated toxin to midgut receptors, and (3) insertion of the ac- 
tivated toxin into die midgut apical membrane to create ion channels or 
pores. 

A. Solubilization and Activation 

The Cry* proteins are usually deposited as crystals or parasporal bodies 
that are primarily composed of inactiv e protoxins. They must be consumed 
by susceptible larv ae to have any lethal effect. The primary target of the tox- 
in is the gut membrane, hence they are gut poisons. On ingestion, the ciys- 
tals are solubuilized under the alkaline conditions of the lepidopteran insect 
midgut (32). Differences in the extent of solubilization can sometimes ac- 
count for diversity in toxicity of Civ proteins among target insects (33, 34). 
In some insects an alteration in conditions affecting Cry solubility is corre- 
lated with development of resistance to Cry toxins (35). Following solubi- 
lization, the protoxins are digested by insect midgut proteases, producing an 
active toxin form {36). The major lepidopteran insect midgut proteases are 
trypsinlike (37). Indeed, the protoxins can be activated in vitro by trypsin 
without losing their potency. The 130- to 135-kDa protoxins, exemplified by 
Cry 1A, are digested progressively from the C terminus toward the \ termi- 
nus, forming a 55- to 65-kDa pro tease -resistant toxic core (3-S, 39). Because 
the carboxyl terminus is not essential for insect toxicity and contains man) 
Cys residues, this region may be involved in crystallization of die pro toxin 
and may also protect the toxin from premature protease cleavage (40). The 
mature CrylA toxin is cleaved at Arg-29 at die ami no- terminal end (41) and 
at Lys-623 at the carbox\l-terminaI end (42). 

B. Receptor Binding 

Binding of toxin to the microvillae of die epithelial membrane is one of 
the most extensively studied steps in the mode of action. An in vitro system 
using insect midgut brush border membrane vesicles (BBMVs) (43) and ra- 
diolabeled toxins has made it possible to stud) binding at die molecular lev - 
el, litis binding assay system has now become a standard tool to compare 
the binding affinities of native and mutant toxins as well as to probe the 
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mechanism of resistance development in insects. In vivo experiments have 
also illustrated that Cry proteins bind specifically to nricro\illae in the midgut 
of susceptible larvae (44, 45). 

1. General Rkclttor Binding and Kixrnc Consjokkatioxs 

Early work by Hofmann ct al. (46), Van Hie ct aL {47} t and others em- 
ployed competition binding studies, using purified BBMVs and 12 'l-labeled 
toxins, to demonstrate the correlation between toxin binding affiniU and in- 
secticidal activity. In many cases tliere is a direct con elation between bind- 
ing affinity, binding site concentration, and toxicity, i.e., the highly acti\e tox- 
ins constitute more binding sites and bind with higher affinity to the BB\1\ s 
than do the less acti\e toxins (46-49). However, in a paradoxical finding. 
Wolfersherger (50) observed an inverse relationship between binding affini 
tv and toxicity in the gypsy moth (Ltjinantria dispar). A highly acti\e toxin, 
CrylAb, exhibited weaker binding affinity compared to a less active toxin, 
CrylAc. Further, in B. nmri CiylAa and CrylAb showed similar binding 
affinities for BBMVs, but the biological activity of Cry] Aa was found tu be 
100-fold higher than CrylAb in the insect (.57;. lhara ct al [51) demonstrat- 
ed that although Cr> lAa and CrylAb toxins bind to B. tnori BBMVs with 
similar affinity, a larger percentage of BBMVbound Cryl Aa toxin is irre- 
versibly associated (not dissociable alter inc ubation with the corresponding 
nonlaheled toxin) as compared to CrylAb. Thus, differences in the rate of ir- 
reversible association with BBMVs can account for variations in toxicity Mu- 
tational studies in domain II, loop 2 residues of CrvlAh extend the know l- 
edge of Cry toxin membrane insertion beyond the analysis of initial binding 
■{52). A two-step receptor-binding process of Cryl toxins in several lepi- 
dopteran insects has been proposed (51-53). Liang ct al. (53) described the 
saturation kinetic analysis of Cryl A tvpe toxin binding to dispar BBMVs 
according to the two-step interaction scheme show n by Fq. (1). 

k , k. f 

R + T ^ R*T B-T ill 

In suninian; tin's scheme show s that an earl) stage of binding there is a 
large saturable accumulation of rev ersible receptor <;R) and toxin (T) com- 
plex (R*T) at a rate constant of fc,, and then the formation of an irreversible 
or tightly associated complex either with die receptor or membrane tB-Tj at 
a rate constant oft.,. While agreeing with Wolfersherger (50) that the bind- 
ing affinities of Cryl Ab and CrylAc are not directly correlated with insecti- 
cidal activity in L. dispar, Liang ct al. (53) observed a direct correlation be- 
tween the rate of irreversible association (k 2 ) and toxicit\ : i.e., the higher the 
k 2 value the greater the toxicity to the insect. Prior to the work of Liang ct 
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al. {S3), kinetic analysis of Cry toxin-receptor binding had used equations 
based on the Hill (46) or Scatchard (47) equations, which assume a strictly 
reversible binding. In reality, tlie toxin becomes irreversibly associated with 
the apical membrane by insertion (54). Given the irreversible rate compo- 
nent of k. r the whole equation cannot reach equilibrium, because as the tox- 
in-receptor complex is formed its concentration will be depleted by inser- 
tion. Therefore, competition or binding experiments under conditions 
wherein insertion can take place do not yield tine K f{ values (53). Alternate 
designations such as IC- () (55) or K cnm (56, 57) have also been used to rep- 
resent binding affinity under these conditions. These studies do, however, 
suggest that the biological activity of a toxin is directly correlated to the sum 
of toxin irreversibly associated with the membrane rather than strictly to ini- 
tial binding affinity. 

To evaluate the interference of membrane insertion in binding affinitv cal- 
culations, experiments were attempted in systems in which toxin inse rtion is 
nut anticipated. In die first case purified 120-kDa receptor from disjuir 
and Uanduca sexto w as blotted onto a membrane am! incubated with either 
l - "^-labeled Cry lAc alone or with increasing amounts of nonlabeled Cry 1 Ac 
toxin, and the binding affinity was calculated (from the ligand blot) (5.S, 59). 
In the second case the binding affinity of Cry 1 Ac toxin for purified \L srxta 
120-kDa receptor attached to a dextran surface was calculated using the sur- 
face plasmon resonance technique (55). In both cases the binding affinities 
were 100 times lower than those obtained from BBMV binding assavs. indi- 
cating that the effect of k_ 2 on the reversible reaction is considerable. In the 
third case, the binding affinities of Cry 1 Ah toxin for M. srxta 210-fcDa re- 
ceptor, estimated from ligand blotting (where insertion would not be ex- 
pected) and BBMV binding assays 'where insertion is expected), do not dif- 
fer significantly (780 and 1000 p.U respectively) (60). This suggests that the 
rate of insertion (k.J is not a significant factor in this case. Moreover, the 
cloned 210-kDa receptor expressed in human embryonic 293 cells, in w hich 
insertion is expected, show ed binding affinities (1015 p.V) similar to those of 
BBMV and ligand blots (67). These experiments imply that the insertion rate 
significant!) influences the binding affinity calculations with certain toxin- 
receptor interactions, but not with others. 

2. Mapping ok Rkceftok Binding Se tkn on thk Toxin 

The crystal structures of Cry3A {30) and Cry] Aa (31) toxins prmided the 
basis to study die potential receptor binding segment by elucidating the 
structure of the loops of domain II. Domain II is composed of three antipar- 
allel P-pleated sheets in a Creek-key topology connected by surface-exposed 
loops of different lengths. The three exposed loops are located betw een pi 
and p2 (loop 1), p6 and p7 (loop 2), and piO and pll (loop 3). There is an- 
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Ala), in p-sluvt 2. A tr.].!,. substitution, R3-I5A V350 \ u»I Y3=>i\ I i 
ed red„„, binding blll , SIIiprisinRl> , tIu , tox, v , ' , (f , ^'J'- 
contrast. s.ngi.-substituLion mutants, \353\ ind m\ . " 

Pl^ly lost billing capacity and U^uX,2 ^ , L^T* C ° m - 

is thai CylC ^i ; i 0,U ' ° f »f this research 

ngai,,:, „„,,, fc'JS&l t, " n '"' "" > ; '"" liS "-" 

unicii) nor iect 'ptur binding: in 7 tnolifnr {^\ r -> r 



BNSDOCID: <XP 9260 40A l_> 



^ FRANCIS RAJ AMOIIAN F.T AI.. 

CrylAa, die loop 2 residues are :J( .-RRIILCSCPXXQ. J _ V whereas in 
CrylAb and Cry 1 Ac they are ^RRPFXICIXXQ.,-,. Deletion of a major 
portion of this loop (, 65 LYRRIIL 171 ) in CrylAa toxin causes a substantial 
loss in bi.ulingaffii.it> and toxic ity in B. mori (63\. However. Via substitution 
of only three residues (.. Jei ,RRP 370 ) in loop 2 of Cn 1 Ab toxin produced a sub- 
stantial reduction in binding affinity for BBMYs and toxicity in M. sexto and 
//. urcscens (64). Mutant I373A caused structural alteration and instability 
for unknown reasons. Substitution mutants F371Aand C3 74A lost over 400- 
fold toxicity in M. sc.xia but showed little or no change in the binding affini- 
ty (2-fold reduction in K ,) for M. sexto BBMYs compared to that of die wild- 
type toxin [52). The parameter that is significantlv affected bv these 
mutations (F3 7 1 A and C3 74 A) is their effect on irrex ersible binding, as mea- 
sured by dissociation binding assays. Although onlv about 20-25°^ the la 
belecl BBMV-associated wild-type toxin is dissociated, -.eater than 45-50% 
of the mutants F371 A, 0.374 A, and D2 (deletion of residues .,-„PFXICI -) 
is dissociated by the addition of corresponding nonlabeled toxin (52) \ fur- 
ther series of substitutions at the Phe-371 position revealed that Tip can re- 
place Phe but that other substitutions cause a gradient af reduced toxicity 
(Fig. 2) and irreversible binding in the order F = \V > Y > L > S > Y > C 
= A, but none of the substitutions showed a measurable effect on competi- 
tion binding, as shown in Fig. 3 (64). In each ease, the inseeticidal aetivih of 
d>e toxins is directly comparable to the amount of toxin irreversibly associ- 
ated with the BBMYs. '' ' " 

These results suggest that die two A.g residues at the first position of the 
loop affect the earliest toxin-receptor interactions (initial binding), measur- 
able by competition binding, whereas the remaining hydrophobic residues 
affect irreversible binding, measured by dissociation studies. The latter ob- 
servation opens two possibilities: the residue Phe-371 and Glv-374 of loon * 
domain If either may tightly attach the toxin to the receptor or may insert 
Ji.o-7 'f T Igl,t momllranc ' ^'"ng with domain I. We believe that die mutant 
Co ,4A affects the flexibility of die loop and thereby indirectlv affects "tight 
binding to the receptor. Further investigation of these- Cn 1 Ab loop mu- 
tants m several insects showed that the loop residues plav distinct roles in dif- 
rere.it insects. Among the residues ;}7 , FXICI , . Ala substitution of Phc-37 1 
and Gly-i -4 affects ..reversible binding but not initial binding affinity in \f. 
* ex1a In contrasit ' in H ebvaenu mutant F371A has no effect on toxic- 
ity «r binding but G374A and I375A affect initial binding affinity and toxic- 
ity (64) Several substitution mutants were constructed at the two positively 
charged residues (^RR^) in loop 2 of" Cry I Ab and Cry 1 Ac toxins and 
U.e.r functional role in M. srxta was analyzed. The difference between 
CrylAb and Cry I Ac lies in domain III. Cry 1 Ac toxin has exactly die same 
loop 2 residues as CrylAb but binds a different receptor in \f sexto H. 
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Cry I Ab, Loop 2 
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. u X„T L ,fr ' ° 6 '' °" 9 ' I " t — «"«»>. '«» substitutions 

othu than those that confer a posith, charge (Lys) at Arg-368 nn<l Arq-369 

u o rosKln,s ,n Cry ! Ac, however, affect neither tovuitv nor binding affin- 
m A/, scxta, md.catmg that these residues arc no. fnnctionaliv identic al 

itlX l0 ( dl ^ r x t f nt n ' CC ^ in ^ ™ insoet (F. Rajamohan, unpub- 
h n I ° h ™ tl0n] : M»«««ons in domain If « w also shown to improve the 
binding aflumy and toxin potency in some insects. A triple mutation f\:37* \ 



Reversible binding 



Irreversible binding 




10 ,0 * 1000 C & *> '*<> 50 " 60 ' 70 *>' » "l^7io".20 ]30 ^ 

Competitor Cone (nM) Post , ncubation Time (mjn) 

w.wri nr>.\j\;>. Cunipetitmn binding is tin »!f, t i, J I , v # i. i L , ' 

-rsibl,. bi„di nRis dll ,. t . tly L nM ,„ ...^ \ '" J-' V l ';' n f *• ""' 

■ 1 '" s| ' { <" ' !i>'liop|i(ibic amino acid. 
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Construction of DF-1 ( 2M GS M , + A J72 ) on Cryl Ab9-033 

Fl<;. -J. Construction and biological activiU of an improved lo\icil\ Cr> 1 Ab triple mutant 
(DF-1) in gvpsv moth [I .ymantria dispar) by improvement of binding. 

A282G, L2S3S) in Co 1 Ab toxin has enhanced the binding affinity of the tox 
in in L. dispar BBMYs about lS-fold and improved the toxicity 36-fold in L. 
dispar, an important forest pest (Fig. 4} {67). These experiments illustrate that 
the understanding of receptor- toxin interactions could lead to the construc- 
tion of second-generation potent toxins. 

c. Domain II, a-Helix S Loop. The loop between aSa and aSb of 
CrylAb toxin is composed of residues 27fi FDCSFRCS 2h r However, amino 
acid sequence analysis of the allelic forms of CiylAb toxins revealed varia- 
tion in the amino acid sequence in this loop. Allelic forms CrylAb2 and 
Cryl Ab9 have Gly and Ser at positions 2S2 and 2S3, respectively, but were 
naturally replaced with Ala and Leu residues in Cry 1 AbS. When the Cly-2S2 
and Ser-283 of Cryl Ab9 were mutated to Ala and Leu, respectively, the mu- 
tant toxin (CrylAb9-033) showed reduced binding affinity (9-fold) and tox- 
icity (10-fold) in L. dispar (68). However, Cryl Ab9-033 toxin does not differ 
from other toxins encoded by CrylAb alleles in either receptor binding or 
toxicity in M. sexto and Spodoptrra cxigua (6$), supporting our previous con- 
clusion that the loop residues perform functional!) distinct roles in different 
insects or receptors. 

d. Domain U> Loop 3. Loop 3 of CrylAb and Cryl Ac toxins is com- 
posed of residues . 13h SGFSXSSVS. M6 . Alanine scarmine mutants were con- 
structed at each position and toxicity and binding assays were performed us- 
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ing U Toxicity was reduced in each case, but (M39A anil F-440 A were 

the most affected, losing 100-fold and 13-fold activiu , respectively <6.9) Ret- 
erologous ^petition binding „ith these mutantsindicated that* residues 
V nuvlv 'n i,rP im0Kv<1 milial hi,Kli "« 1A1, toxin i„ \/ 

st, ution of ,!,„ sequence w.th a block of six alanines resulted in an ncrease 
... toxicity ,n the beetle T. .nalUnr (.57, Interestmglv. heterologous compel,". 

ki" ^ n ml, r U f 0 " VCd a ,<>SS " f initial hint,i "8- h1 ' 1 ^-ociatLln 

k.m t c analyse showed tin,, the mutant toxin has better irreversible binding 
which could explain its greater toxicity (-571. 

c. Domain III. Domain IH has also been implicated in receptor bind- 
-ng -Vronson <■/ ,,/. (70) .nutated a In pen ariable region ,,f domain l[I 
(u-sulues .,()0-o()9; of Cry I Ac. Onk changes in Ser 503 and S,,,,,, , resnl 

affinity to BB\I\ p ,„ tl , ns h> ] jgam | N(l(s Clv , V;[ , k 
ogn l? , 2 m , 120-kDa bmding proteins, .vspecthclv. n, L. 

III' b! Kv r a, r; ,yZl,<, , , " ,m ;' , °« SC r ning ,m,, ' mtS <'«',anged domain 
II between CrvlAa and Cryl Acand demonstrated that hvbrid pVoteins con- 
tannng C.rvlAa domain III bind a 2.0-kDa receptor in /.. ( ,i, „„, whereas 
hjbnd proems containing Cry 1 Ac domain 111 bn,d a 120-kDa receptor in 
L. t h.s,H,r These experiments suggest a role (direct or indirect, for domain III 
,n receptor recognition. In another case, a Cry 1 Ab-CrvlC Inbrid toxn, (do- 
mams I and II from Cry, Ab and d<,n,ain II. from Cn >C toxin, si^R™ ■ 
mproved the potency ol CrvlAb toxn, in S. without .(lectin^ t e 

nj.ul.ng s..e specificity (77). This result suggests mat domain III of C YW C 
plays an important role in toxicity in S. cxignn. ' " ' 

3. Contu sions o\ Rr.rrr-roR Bimmnc. 

In summaiy we hypothesize that rec eptor binding of Cn/ toxins involves 
a" of the steps shown m Lq. (]), i.e., nn-rates (A ,), off-rate s (k ,). and rate s of 
mevers.ble binding to die receptor or insertion into the menibranc (k.) Our 
mutahcuial studies identify three types of mutatmns: (/) mutations in ct.ma 
I d a affect unt.al (reveis.ble) binding affinity ["A" nmtants m Eq. (2)]. i e 

nd m-^ttf* Ab F,40A «"« G ,39A W ""1 Cn3A X353 V 
' ff , K I , f?' ; ; !° '" l,tat, " ns in d<,n ™'" 11 H»»t show similar initial Hindi, « 
■ m ty but affec U,e dissociation rate of the- toxin, assuming domain II is not 

•nolved m membrane msertion ["B" mutants in En. (2)1. i, Cvl \b F3"l \ 
Jjr most of the substitutions except T,p) (6J): and <i„ Ltauo^ m <b n ai n 
•t S PC" " n T- f' th ;;— h — do not affect initial bind- 
Crv 1 Al> A92E^»i Tl.^.Tl) (73) (2)L ^ ^ w R93C »^ 
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A 

A 

> 

R + T ^ R*T -r+ RT (2 l i 

t t 

B C 

However, these three steps are highly associated and complement eacli oth- 
er. For examples the domain [I, loop 3 block mutant ( , s , AAA AAA of 
Ciy3A decreased die initial binding affinity hut increased irreversible bind- 
ing or membrane insertion. We are currently exploring the possibilities < »f cal- 
culating individual binding constants [k r k and k,) precisely using these 
mutants. The insertion of the toxin into the membrane causes a major ob- 
stacle in calculating association and dissociation constants. However, this 
could be resolved by using solubilized BBMV proteins or purified receptors 
attached to a solid support, on which membrane insertion does not occur. 
Presumably, the association and dissociation constants of a toxin could be 
studied using t\y>e A and B mutants under such conditions. Wells (74) de- 
scribes human growth hormone mutants in which alanine substitution of 
positively charged residues affects on-rales and other alanine scanning mu- 
tants in which large hydrophobic residues affect off rates. This same pattern 
is observed in the Cry toxin mutations of the receptor binding loops. Positive 
residues may be involved in proper orientation of the toxin by electrostatic 
interactions. Some hydrophobic residues are believed to be involved in tight 
binding of the toxin to me receptor or membrane (Phe-3 71 of Cryl Ab). How - 
ever, at this juncture it must be stated that these suggestions are drawn from 
a limited number of experiments on specif ic insects and are not necessarilv 
true for all toxins and insect receptors. Alanine scanning mutagenesis of 
CrylAh, domain II loop residues suggests that individual residues of these 
loops differ significantly with regard to function in the target insect (64, 67, 
69). For example, mutant F371 A improved binding affinity in //. vircsvens 
but decreased binding affinity in M. sexto. Mutants \372A, \372G, and DF 
1 significantly enhanced the binding affinity in L. dispar whereas mutant 
\372A slightly decreased the binding affinity in ' M srxta and H, vireseens 
(Fig. 5). The binding affinities of Cryl Ab, domain II mutants, as estimated 
by competition studies, in three lepidopteran insects are compared and il- 
lustrated in Fig. 5. 

4. Identification ofTomx-Bixdinc Rf.chptoh Moi.kclt.fs 

The toxin-binding proteins (receptors) from several insects have been 
identified by ligand blotting studies (58, 60, 6.x 66 } 75, 76). The putative 
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Cry 1 Ab Mutant Toxins 

'-on do,,,,! and expressed 9 ^77) " am ' ' "^'^ h« w 

^"X!^ -race p, s , m o„ resonance 

^0-1 Ac, Qyl M, anclC n l A?^ r ^ s,n "' ( '""''> '-elated toxins 

«> a lesser exU^?U ^^'w ^> and C,y , ,a 

I" BBMVs was not detected in \la ,1 '-° kDa '"".i.r.g pn.tcn in M. srx . 
'"■"dmg assays «i ' ^ 'j "'^g expen.nents (60, 0(lr llyan<] 

C 0 l Aa and Cn 1 Ab tovinwlo ., , l • i , 1 * ' h4 ' ' J '"terestindv 

* ■ ' s °V Alsn = our hgaml blotting 
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t n.wcjs r.\j amoh.w etai.. 

| a »r ^BMW?" d --^l^ C U T b,ndS ° nl > l ° a 120 kDil APN »» L 

\p\ l,r p ttM . n f S lofi '^' 11 can b( ' included from those experiments thai 
the APN p, nfieel from M. and L. tlispar are related bllt ' no( id , ntjca| 

Although positiv e con-elation between tox.city and receptor binding has 
been observed ,„ most cases ( ^ w . 9) , fic hiiu] . • - 

suscepuble or resistant insects has also been obsen ed (50, 76, SO) These re- 
ports suggest that there might be additional BBMV toxin-bindin-nnolecules 
perhaps nonfunctional toxin-binding protons, that are not invoile n ic' 
functions, suc h as insertion or ion-channel formation. 

C. Membrane Insertion and Ion-Channel Activity 

™ca-helical structure of domain I has been proposal as the primaiv can- 
didate To, promoting membrane penetration In analogy will, the pore-'fornv 
mg structures o co.icin A and diphthena toxin. U,,^,.,. knowledge , Hhc 
mechamsm of channel formation of Cry toxins is still in its infancv Sever") 
Hnportan questions remain unanswered: (1, the „nmb,r of toxin mot , . es 
required for forming tl,e channel, & the actual regions ofth, toxin in ol d 
.n membrane penetration. (3) the characteristics <7f the channel, nd -* he 
natu.e of the ligand-induced confonnational changes ,n the toxin n , 

m 1 Tl U attl ; " f SeVe, ' al Cly l '" ins w ™ «»ng u hole , ec, 

midgut by voltage c lamping (SI, S2), BBMY belling assays (S3 S4) i ec 

, ; M ° St 1,1 thl ' llb » ve s Vt^s. however, contain neither the membrane 
proteins receptors in particular) nor the ambie nt pH and ionic condition * 
the msect midgut. Hence, the results obtained from such a.tif ci sv n 
should be iiitcrpivted with caution * 

ic IvSs-^eor;" 1 ^ ^ wU * U " <l P"*™** ;1 °*n,«l- 

c >s,s tbeon , ls model for the cytolytic- toxicity ofCn toxins. Vcordine 

le [o'th" f, R ' ^ l ° XinS *; iak<> Sma " '"'^ »' lI - membrane 

ulv vl T 1 0 . rwate Vr d , iOnS ' ,OSl,],ing s " vI,i »* a »d ™<- 
all> l>s,s They also observed leakage of CO,, undine, and Rb ' from U,e 

cl l^ZtT ^-""-"traUons of activated Qv to'n „d 

eating that the Cry „x,n forms a nonspecific pore. VVolf,rsbergor <* 4 ) has 
Med the problems Unit can arise in experiments with established in L t 
cultures: (I) normally the- cell cultures are maintained at pll 6 .8 i£ i, , 
Uu. normal physiologic,,. pH (p H 10-11; of Iepidopt,,an insect , o 

sect imclg it, and (3) these cell hues require more than 1000-fold hHier 

-c,. ,,,,, , ls , s dla , c^^::^^;z^^z^ 

-nd l„rn,,„ g l,, g( . „™, spf d n, porrs „ nl |„ Ilig| , „, sin „,„i 11 * ™;,™X V S 
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..nded incubation time. The use of prima,)- midgut cells, maintained at high- 
, , ,1 however can be a very instructive tool in the study of" the molec ular 

mode ol action ^9oJ. ' 

The ion-channel function of Cry toxins has also been analvzed in planar 
l.p.d b.layers and phospholipid vesicles using complete prot'ein. do main 
..lone, and synuW peptides mimic king partic ular clu-lie^s (S9. ftx,j Tl " e 
«... < hanne s ofCy toxins can be affected In several factors. For Cn C 
. unn, actmty ,s pH dependent (9-3); at low pH it r, Jrms anion-sekct c 

rlSi^ ?v f ° nnS ^anneis. The f 

ud h> C 0 1 Ac- and Cry.3A toxins were highly cation selective, with c on- 

( >». L nl.ke C,y 1 Ac and Cry.3A toxins, tin- channel activated bv C, A 
;«»• a«> mostly voltage dependent (97,. The channel activities ofCr, ^ 

- also been shown to be affected by insect midgut membrane roc' , 
P ■ "s. CylAc tox.n exhibited a 10-fold increase In conductance S 000 
i'S, when insect midgut brush-border membrane vesicle proteins we , ! " 

H»0( r. 1, V r ^ m I )h<,s I' ho,i P id vesu-l.-s was increased ab,,„t 

« < ' fold when punheel CiylAc binding protein, aminopeptidase V „>,„ 
'-<! from M. miclgi. 0 . was incorporated in,,, the- vesicles (.59) ' 

S n het,c peptides corresponding to a-helix 5 of C,v3A (Sf» and Crv 1 \ , 

. . . .H is in plana, lipid b.layers, and to exert toxicity against insect cells \ 

Ion .channel studies using only the domain I residues of CrVStf and * 

"«J Altho h d , ' * at h '« htT ™ n <*'«™lions of toxins ,700 

Although domain I contains ample information to generate ion ch m' 

- »l i»..-ohanm £; ?" C »™<'"™g the intricacy and inconsisten- 
ce to s ecu! , C ? T"* m ^ or j < ™- 

Harvev ,nd U if f ' r ° m tll<>SC in a,tifkiil1 « stems. 

"< «»., h ,1 : mi '! ?r w g "' i } T ' dwta 'l> h >^og»«.l measurements 
"^,1 proteins " ^ i " t ° r de ™» ! '^ ">e -on-channel activitv ,.f 
Jl,! T r o inhibition of short-circuit enrren. '(/ ) 

nndgut has been explained in an excellent review bv Wolfersber^,. 
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(102). Toxin-induced leakage of K~ ions into the cell would result in an im- 
mediate loss of H + and a change in cytoplasmic pH from 7.1 to 9.5. The re- 
sulting reduc tion of die apical membrane potential from ISO to 30 rnV could 
cause collapse of the transepithelial membrane potential and disruption of 
cell physiology. Results obtained from voltage clamping experiments, using 
lower (nanomole) amounts of toxin, support the validity of this technique to 
assess the specificity and potency of Cry toxins (64, 67, 73, S2, 103). Short- 
circuit current inhibition is collinear with bioassay data in even* case evalu- 
ated to date. Measured changes in l sc correspond to the loss or enhancement 
of toxicity of mutant toxins, whether the mutants affect initial binding (67, 
69), irreversible binding (52, 64, 73), or ion-channel function (103). Howev- 
er, tiie application of tin's technique is limited by the size of the insect midgut. 
Smaller insect larv ae such as mosquito, diamond-back moth, cabbage loop- 
ers, or stem borers cannot be studied using this technique at the present time. 

Numerous mutations have been introduced into domain I in order to as- 
sess the effect of amino acid substitutions on toxicity and ion-channel activ- 
ity. The positions of CiylAb toxin amino acid residues that have been mu- 
tated to date are represented in Fig. 6. \\ u and Aronson (72) have mutated 
several residues in the loop between a-helices 2 and 3 ( S| INQRI &S> ) and the 
residues at the base of a-helix 3 (^EEFAR^) in domain I uf Civ f Ac toxin. 
Among these residues, only mutations in Aki-92 and Arg-93 affected toxici- 
ty and ion-channel activity. A series of substitutions at these positions in 
Cry I Ac revealed that either addition of a negatively charged residue at posi- 
tion 92 or substitutions other than a positively charged residue at position 93 
caused substantial loss of toxicity and ion-channel acthity (73). However, 
none of the substitutions at these positions affected initial binding of the tox- 
in to BBMVs, suggesting that this region is not involved in initial receptor 
binding (73). Wu and Aronson (72) also mutated most of the residues of a- 
helix 5 in the conserved tract of amino acids, ^QAANLHLS^. Mutations 
in diis region behaved largely as expected: a conserved change retained ion- 
channel activity whereas a nonconserved mutation disturbed activity. His- 
168, however, is a particularly interesting residue in this back. Replacement 
of His-168 with Arg increased the potency toward several insects in bioas- 
says and voltage clamping. A further investigation of this mutant (Til GSR) by 
S. Hussain ct ai (unpublished observation) suggested that die enhanced ac- 
tivity of H16SR could be explained by an increase in irreversible binding re- 
lated to an increase in charge at this position. Aronson ct ai (70) randomly 
mutated nine amino acid residues in a-helix 6, ., 0 -A\'R\\T\TCL. > and 
found that none of these mutations affected toxicity in M. scxta. Tho'authors 
concluded that c*6 is not critical for the formation of the ion channel, but 
Uiere are several other reactive residues in this helix that have not been 
probed for their role in toxin function. Jellis ct al (104) analyzed a large mun- 
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might participate in ion-channel formation, whereas Chi-235 shows proper- 
ties of a cation-binding site. 1 

Mutations in domain III that affect ion-channel ac tivity were first report- 
ed I by Chen et al. (703). The arginme-nch conserved block (blockT) f 
Cry 1 Aa toxins « „ .RYRXTURY^. Although notations in Arc; 523 or W 
52o are prohib.ted by the.r involvement in intermolecular salt bridges u ,h 
negatively charged residues in domain I (Cry3A) or domain III (Cnl fa m 

ng (J0.3), ves.de swelling (SJ). and ion-channel function in lipid bil " - S 
a.-L_Schwartz ,/ al ....published obscation) to disrupt ion-c ha„nel ac , ■ 

2 . T ° ,g> ' ° f th ' S P ' Sh ° H l ° the ^nine-rich Si helix „fd ; , 
channels, the pntative voltage sensor, has been noted (103). 



lassie ion 



V. Pros and Cons of Currenf Models for Mode 
of Action of Cry Toxins 

CO toxrns, and most have mcluded models. A viable model, however is one 
that accounts for all of the available experimental evidence and pre 1 1 ° s , 
mechan.sm that is testable. The current mechanism of insert, „ , , ^ ln * 
into the membrane ,s conjectural. Li „ „/. (.30) have propose,! that JheUvs 
4 and 5 penetrate the membrane while the remainder of a-helice en i on 
he surface (the umbrella model). Hodgn.an and Ellar (706, h v • 
that -hehces , and 6 flip out of domain I and penetrate the men I 2 " 
penkmfe (the penknife model). The role of domain III, however w- es h^e 
!y ignored ... the above proposed models. S ' 

Recent site-directed mutagenesis studies of the loop between a-helices t 

uT t Th \ ,i,e T I SK,,,es affecl pemln ' Uon ™ bl " ^ ^ 

in uie loop between a-hdicos 5 and fS rln m.f n i 

against the penknife mode, D.s^fid^ ^ 
between a-hel.ces 5 and 7, do not disn.pt penetration or toxici WS W " 
«/.. unpublished observation), arguing against bod, penknife ' nd n Lb, 1 • 
model, Furthermore. the inscnsiUv.ty of the inserted Lin to a " i Vt p o 

Uc an ct al (707) presented an alternative model that suggests that the whole 
of domain I m.ght penetrate the membrane. 

Most of the current models propose that the surf.ee M -,v,c, ,1 1 
necting the 0-sheet S of domain II, 'recognize anc < 1 Is I^nd ,0 ° P * " m - 
ceptors .oeated ,n U, insect midgut. Refults ^^^ ^!^ 
in Uie loop reg 1 on of Civl Aa, C.vl \b Cn 1 Ac 1nf | r„-5 v "«* S 'S 

„ r <„„„,„ „-,„ , woplor ,,;,^u^^z::^z 
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' '"ops or residues has n, U e nr /'r, ^P*Hon of in- 

«•«,-„ in formation of t],e ion han H Ule """"'"dor of 

implicated in ion-channel Z ^ ST''™ 1 - Don,a, » "» ^ 

on the receptor, or vvi.hu , ^ ' j"™ P r n °'' ,0 bi " d »'g to the re- 
Tho ioiI channel is '„> ,x Z i " St ' r,inn U, 

«■ Ju-I.ce* 5 and 7 f„ >m domain I „d ' V'^^ f™m at l.as, 

• Inden.tandingof the toxin- oct w in. I ' ' 7" donwi » 111 
" v cognize that residues in d,Tl V . mU tM ' Uon ls but ue cur 

*e residues empi -t d T 7" in ^4 

-ep (() r molecule. Charged an n ™, a ' ™J, ^ !° ^ , '^""'^ «» 
^ Pa.ag.nes, and aromatic hydroph f^^"^ «"» - -ginines and 

d * (( '™ in U,c- lipid membrane C S i( ' SU , ,dy ^ "'"'""nation 

;«'» '"oleics in voic ed in the p^„ e' Con e^ ') U,P "»"'ber of 

Sl ' '^nnming the residues involved in "? ""f™ b(> n( '^'<' ><> 

0 toxm receptors would be valuS in 'T ^ ^ P,,rifi «*on of other 
r »'«« m resistance managerncn | , '"^'standing differences in tov , 

sign ol oette, prote.n pesticides. 

VI. Mechanism of Insect Resistance 

ff^^^^^^ ofacon of,, 

insecticides, because Su fi,™ -V" 5 addt ' d afK ™agc- over*" 

Xance to Cry toxins. fF nr a d e^Xevf J."*** °^ Sloped 

ljl< »»"lgut proteolytic activity of fl. 
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t'wringicntl, (B. J. entoniocicfus IID- I9S)-rcsistant Ploulia mU^nctclla lar- 

is a o ( Sh f ; ! "^f ahe,Vd W inat, «l»»* losing of Crv toxins 
with ^ ,C roL StanC ° ™ dl ™'" s ™- Keceptor binding studios 

with blabelcd toxins and BBM\ s prepared from susceptible and resist t l 
insects (P. uUa V unrU U (l and Plutelh sylostcUa) indicate hat me S m 
■ngs.tes are altered „ r modified in the resistant strains (773. 11-t) lZ c I 
(/io compared the receptor binding properties ..rCrvlAa, CnlVb an I 
Cp l Ac toxms for Crvl Ac-susceptible and -resistant (10,000- fold n s t "n 
^^7^ d 11 i: '' W T , V tnlinS - ^ instants of C y A 

■ muting ,t Cr> 1 Aa toxm m the res.stant strain was totally abolished It w is 
proposed that alteration in one of the binding proteins that is h red bv , 
three toxins (C,yl Aa, Cpl Ab. and Cryl Ac) is the mafor fact fo ^ I ta K 
However, ,„ the case of another Cry toxin-resistant //. n,rscrn< s r n „ 
Act receptor binding affinity nor b,nd,ng site concentration is al ec ^d V " 
These data suggest that tin- mechanism of resistance is complex u h ni 

ch- n"n f T; tbim,i r g T"'' SUch " inU * r " Uon »"« 1' ■ - n 
channel actum, is altered in the above example 

The dev elopment of resistance in mosquitoes to single or multiple toxins 
of B. tlmnng,cns,.s var. israclcmis (Bti) has been particularly instn c iv 

. on the other hand is not susceptiblt t<j CiyTb (77^) 
ovv levels of resistance to Bti (Table I). Interestingly, when a sinele B i C 

d\e de\ Ion ^.stance was detected (Table I). These results suggest that 
the d velopment of resistance in mosquitoes could be delaved or c ontrolled 

Imion H fUnCti0r,Ul " ,Xin S""" PX P^«' i« Bti dunng se- 

™,T V ^nation is that each Bti toxin could bind to "ft", - 

Uonally different receptor and diminish the potential of the msec W | 

^ I ^ ct "*„?, rTT naU ° n """competing toxins. .L, 

P-^^^ — - that 

Future probes into the molecular in,„|.. ,,f lK .,;„„ uil i r , vv . lrr , ,. . 

J U> n > ( n!, in ^ 'tmut.ihnns. [mvsligations into the 
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